A versatile system to construct bulk polymeric phononic crystals by using acoustic waves is described. In order to fabricate this material, a customised cavity device fitted with a 2 MHz acoustic transducer and an acoustic reflector is employed for the acoustic standing wave creation in the device chamber. The polymer crystal is formed when the standing waves are created during the polymerisation process. The resulting crystals are reproduced into the shape of the tunable device cavity with a unique periodic feature. The separation is related to the applied acoustic wave frequency during the fabrication process and each unit cell composition was found to be made up to two material phases. To assess the acoustic properties of the polymer crystals their average acoustic velocity is measured relative to monomer solutions of different concentrations. It is demonstrated that one of the signature characteristics of phononic crystal, the slow wave effect, was expressed by this polymer. Furthermore the thickness of a unit cell is analysed from images obtained with microscope. By knowing the thickness the average acoustic velocity is calculated to be 1538 m/s when the monomer/cross-linker concentration is 1.5 M. This numerical calculation closely agrees with the predicted value for this monomer/crosslinker concentration of 1536 m/s. This work provides a methodology for rapid accessing a new type of adaptable phononic crystal based on flexible polymers.
Introduction
Phononic crystals occur naturally as the result of the periodic nature of atomic crystals. The concept of artificial phononic crystals was proposed decades ago [1, 2] and significant interest has followed since, but not limited to one form [3] [4] [5] [6] [7] [8] [9] . The attraction is that these materials can potentially address enduring engineering challenges in acoustics as they introduce physical effects that change the very nature of acoustic wave excitation and propagation. They can be commonly achieved by periodically altering the density or bulk modulus, so that the acoustic waves propagation depends on wavelength, which in turn alters the non-linear properties of the material. Alternatively for subwavelength periodicity evanescent acoustic surface waves have also been employed [10] . Together the breadth of phononic crystal applications is considerable. With band gap and band edge states phononic crystals are able to disperse the group velocity and bend acoustic waves [11, 12] , leading to applications including signal processing [13, 14] and opportunities to reduce thermal conductivity [15, 16] .
This rapidly growing field of study originated in bulk materials, however it was difficult to produce the periodic properties. Initially this was achieved by combining bulk acoustic wave devices to make filters. This activity became easier with surface acoustic wave devices and their metallic grating [10, 17] . These have provided excellent acoustic propagation control, and so these devices control acoustic waves to provide signal processing for mobile phones. A key development is the interdigitated electrode structure. A periodic metal pattern is formed on a substrate, and interacts with a surface acoustic wave (SAW), typically a Rayleigh wave. Taking SAW devices as the platform, surface phononic crystals are able to exercise interrogation on thin soft polymer in conjunction with opto-acoustic transducers [18, 19] and increase transmitting pulse temporal beating [20] . Unfortunately this method cannot be used for bulk materials, so it cannot be used to modulate sound transmission in the larger environment. Nevertheless some attempts have been made to create bulk phononic crystals as a first step to creating acoustic metamaterials. As a newly emerging field metamaterials display counter-intuitive physical effects. Due to the Bragg scattering caused by impedance contrast of the mass density or the elastic moduli, useful acoustic dispersion, band gap and slow wave effect emerge. Although the theoretical research of phononic crystals is rich in numerical models, fabrications methods are rare. These broadly consist of solid sphere arrays embedded in soft matrix [21] [22] [23] [24] . Or more recently, 3D printing technology is used for phononic crystal fabrication [25] and interference lithographic template assisted three-dimensional elastomeric network production [26, 27] . Because of these limited options, most of these crystals are slowly built layer by layer or extensively delicate processes are necessitated.
We report a versatile method to add multiple periodic features using a monomer/cross-linker solution as a starting point. This method applies megahertz acoustic standing waves to an acrylamide system undergoing a polymerisation process and consequentially a bulk polymeric phononic crystal is fabricated. In the following sections we consider the theory of phononic crystals alongside bulk grating approaches. The standing wave imprinting device, formulation of monomer/cross-linker mix are described. The polymer images, imprinting mechanism and acoustic transmission properties associated with these polymeric phononic crystals are analysed and discussed.
Theory
The applications of acoustics often involve the interaction of waves at the acoustic boundaries. Acoustic reflection occurs along a path associated with the incident wave. Only part of the incident wave energy transmits from the first medium, referred as medium m here, into the second medium, referred as reflector r here. The most basic acoustic properties that determine this include the medium elasticity and density. The elasticity and density of a medium determine the acoustic impedance Z, which in turn governs the transmission coefficient T and the reflection coefficient R. Both T and R are independent from the energy flow direction. Under the condition of normal incidence,
A typical acoustic phononic crystal is a collective cluster of a number of unit cells made up of two layers with an acoustic boundary in between. To comprehend the waves propagation in a periodic structure, it is essential to understand the nature of the wave eigenmode in it. Bloch indicated that a wave propagating in a periodic structure is a superposition of a series of plane wave [28] . The Bloch theorem is expressed as:
where k is the wave vector, r is the position, e is Euler's number, i is the imaginary unit. u r ( ) k is the periodic function of the crystal lattice with
in which R is the periodicity of the crystal lattice. Being different from the velocity definition of a particle, waves have three types of velocities, including phase velocity v ph , group velocity v g and energy velocity v e , amongst which v ph refers to the propagation of an equiphase surface; the group velocity to the propagation of a wave pocket; and the energy velocity to the propagation of energy. The group velocity is proved to be equivalent to the energy velocity of a Bloch wave [29] , i.e.:
where
r are the average wave energy flow density and wave energy density respectively. While the phase velocity applies to a wave at single frequency, i.e. = v ω k / ph . A key feature is when the length scale of the periodic structure is comparable to the wavelength of the wave, the excitation of the unit cells leads to a strong resonant scattering. Thus the action of the phononic crystal can be evidenced by this strong resonant scattering and a "slow wave effect" [11, 12] .
Experimental setup
In order to fabricate the polymer crystal, a bespoke ultrasonic cavity chamber is employed for holding the monomer/cross-linker solution within the field of defined acoustic standing waves. To assess the subsequent interaction of developed polymer crystals with acoustic waves, a series of average acoustic velocity measurements have been obtained at room temperature. The following subsections present the design concept of this adjustable cavity device, the procedure for fabricating the polymeric phononic crystal and the acoustic velocity measurements needed to characterise the material.
Adjustable polymeric phononic crystal fabrication tube
The basic design concept allows flexible creation of polymer crystals. It functions by projecting wave energy into the device cavity chamber which in turn contain trapped standing waves. Here the pressure waves interact with the liquid phase monomer/cross-linker. The resulting acoustic field depends on constructive and destructive interference of the acoustic waves which depend on sample properties and separation of the transducer and reflector. The distance is tuned to be a multiple of half wavelength to form the standing wave. Hence this design allows path length phase adjustment between the transducer and the reflector, which is essential for fabricating high quality polymer crystals.
The main device body consists of a glass tube (Soham Scientific, Ely, UK) with an inner diameter of 30 mm. The space available for the monomer solution is confined within the glass tube by two circular discs made from polytetrafluoroethylene (PTFE). One incorporates a 2 MHz acoustic transducer of 25 mm in diameter (Noliac, Denmark) whilst the other supports an acoustic reflector made from stainless steel. The distance between the transducer and the steel reflector can be regulated by a translation screw that converts rotary motion into the linear disc motion inside the glass tube ( Fig. 1) .
To maximise the reflected acoustic waves so that energy is largely trapped in the tube, the acoustic reflector is selected to maximise the acoustic impedance mismatch between medium and reflector. The acoustic impedance of the monomer solution is assumed to equal water at 1.48 MRayl at 20°C [31] . The properties of potential materials are listed in Table 1 . They are sorted in descending order according to their reflection coefficient R. Platinum or gold produces the best reflection performance, however for this application the stainless steel disc is more accessible and practical.
Polymeric phononic crystal fabrication
The periodic structure that emerges is associated with the acoustic standing wave field in the fabrication tube chamber. An HP 33120A signal generator in-line with an ENI 310L power amplifier is arranged to excite the piezo disc. Fig. 2 illustrates the fabrication setup. A 4 mL monomer/cross-linker solution containing 98.5 mol% acrylamide and 1.5 mol% N,N′-methylenebisacrylamide (MBA) is used to fill the fabrication tube. The chemical initiators, including 48 μL 10%(w/v) freshly prepared ammonium persulfate (APS) and 4 μL tetramethylethylenediamine (TEMED) are loaded and the chemical inlet sealed. The tube is shaken gently to achieve thorough mixing of the reagents. The device is left on the table in a secure horizontal position. Fig. 1 . Phononic crystal fabrication tube. The acoustic waves arise from the acoustic transducer and reflect at the boundary between the medium and the acoustic reflector. The incident wave interacts with the reflected wave constructing an acoustic standing wave. The distance between the acoustic transducer and reflector can be adjusted by turning the translation screw attached to the left PTFE disc. The chemicals are fed into the glass tube through the chemical inlet on top of the tube.
The signal generator energises the piezo disc (Noliac Ceramics NCE51) at V pp 90 mV at its resonant frequency. The translation screw knob is adjusted and a periodic structure forms in the tube that is clearly visible to the naked eye. The distance between the piezo disc and the stainless steel reflector is approximately ∼ 6 mm. The polymerisation process takes less than 1 min. The signal generator and the amplifier are switched off at a predetermined time corresponding to the onset of polymer rigidification.
Acoustic velocity measurement of the polymer
To investigate any slowing effect on acoustic waves we measured their average acoustic velocities and compared to their counterparts using a pulsed based setup. 
where th p is the polymer thickness measured with a digital calliper. To minimise measurement error due to the polymer creep, hard plastic discs of known thickness are placed on either side of the polymer crystal during measurement. c w is the acoustic velocity in water and depends on temperature. c w used in this study is calculated from a quadratic equation
. This simplified equation is reasonably accurate over the 15-35°C temperature range [32] . The coefficient k i are given in Table 2 and T is the temperature of water in Celsius. The water temperature used for the velocity measurements is controlled at 23 ± 0.2°C and corresponds to 1491 m/s.
Results and discussion

The polymeric crystal
The nature of the polymer crystal is related to the acoustic standing wave field and the shape of the fabrication tube. The process employed for making the polymer crystal is described in Section 3.2. The resulting crystal after stabilisation is a 6 mm thick polymer disc with a diameter of 30 mm. Importantly, the disc contains distinct layers that can be seen by the naked eye. To help interpret the nature of layers we consider a simplified approach here.
The mechanism determining the formation of the polymer crystal is still unconfirmed. Nevertheless the resulting patterns definitely emerge from pressure wave action on the monomer mix during the crosslinking process. If we move forward with a simple interpretative models, it is reasonable to conclude the rate of polymer cross linking is proportional to the amplitude of the acoustic standing wave. Thus subject to the nodal or antinodal conditions the resulting material is likely to be biphasic, i.e. containing two different mechanical phases. Here the antinodes should produce a stiffer material and conversely at the nodes a less stiff material. Thus light passing through the polymer may experience a difference in propagation path leading to a visible contrast, which matches our experimental observations.
Optical microscopy was used to evaluate the quality of the crystals formed. A 1 mm thick piece of polymer crystal was used to assess line definition and spacing. This was sliced perpendicular to the radial plane with the cross-section facing the lens of a × 4 magnification microscope. The grey values of the selected cross-section area is plotted as a 3D surface shown in Fig. 5(a) . To assist with periodicity analysis, a profile analysis was performed and shown in Fig. 5(b) . The pixel grey values along a line are presented in Fig. 5(c) z-axis. Two light and shaded striations stand out signifying a biphasic material form. Based on an average wavelength of 0.712 ± 0.0077 mm (8 measurements) and a 2.16 MHz standing wave frequency the average acoustic velocity was found to be 1538 m/s, which is consistent with interpolated values for Fig. 2 . The polymeric phononic crystal fabrication setup. The acoustic transducer in the fabrication tube is actuated by a signal generator, which passes through a power amplifier before the electric signal reaches the transducer. Fig. 3 . Experimental method to determine the average acoustic velocity across the polymer. The acoustic bursts travelling time difference = − t t t Δ 1 2 is recorded, where t 1 is the time that an acoustic burst travels from acoustic transducer A to B without a polymer block in between, while t 2 is the travelling time when a polymer is placed between A and B. The transducer frequency determines the spacing in the crystal structure. The data shown in Fig. 4 reveals the patterns can be formed with the periodicity decreasing proportionally with frequency. This is evidenced by the factor 2 increase in frequency yielding the expected factor 2 reduction in periodicity. Thus the microscopy data reveals contrast that is linked to material changes, so alternating bright and dark regions are a record of the acoustic field during crosslinking. However it is unproven whether the fluctuations in brightness are due to a mechanical periodicity.
The structured polymer under scanning electron microscope (SEM)
SEM data was used to confirm mechanical periodicity in the polymer crystal. Here the SEM data in Fig. 6 shows the cross-section topology is periodic indicating an underlying variation of hills and valleys across the sample cross-section. Furthermore these regions include elongated voids and circular voids, confirming the recording of entrenched periodic mechanical properties by the standing wave. Thus it would imply the inherent potential to scatter an acoustic wave. Freeze drying of the acrylamide polymers was found to reduce structural coherence by imposing unequal forces on the structure. Thus the SEM images which were useful in identifying the mechanical periodicity of polymer, also confirms that drying of the polymer will distort the structure. Thus water content does influence the coherence of these polymer crystals. As crystallisation patterns have been successfully recorded and confirmed the optical and SEM data it is useful to study acoustic wave transmission through them. In particular based on the theory of "the slow wave effect" we investigate the important scattering and velocity relationship.
Average acoustic velocity across the polymer
We investigated the relation between the acoustic velocities of polymer crystals according to different polyacrylamide concentrations. As a reference point the signal from the counterpart material was also measured. These counterparts are fabricated in the same cavity device and corresponding acrylamide solutions, but during polymerisation the acoustic standing wave field is absent. Therefore no periodic structure emerges. The polymer explore acrylamide concentrations between 5%(w/v) and 40%(w/v) in 5%(w/v) intervals.
The corresponding polymer acoustic velocities are presented in Fig. 7 . A positive linear correlation between the acrylamide concentration and average acoustic velocity is observed. The general linear model function in SPSS reveals a correlation between the concentration of acrylamide and acoustic velocity across the polymer crystal. The pvalue of interest is 0.001. The fact that it is smaller than the A key finding is the average acoustic velocity (at 1 MHz) of the polymer crystals is lower than their bulk polymer counterparts. This agrees with the slow wave effect. Here the periodic structure of a phononic crystal interacts with the waves. Although the temporal coherence is maintained with the incident acoustic wave, the scattering has a noticeable impact on the group velocity [33] . In Section 4.1 the optical evaluation of a slice of the polymer crystal indicates the average acoustic velocity through it is 1538 m/s. The monomer/cross-linker solution used in that experiment is 1.5 M equivalent to 10.85%(w/v). Substitute the acrylamide factor with 10.85%(w/v) in the orange fitting line in Fig. 7 , it gives an average acoustic velocity 1536 m/s as a result in accordance with the optical evaluation value.
One may argue that when the monomer concentration is 0%(w/v), the acoustic velocity c m should approach pure water c w , i.e. . The intercepts for both fitting lines thus should have been set at the acoustic velocity of water at ambient temperature. However, it must be noted for pure water, the acoustic standing wave still induces a periodic structure as shown in Fig. 8 . Thus the surprising result is that a temporary periodic field can also lead to a velocity shift.
The partitioning mechanism leading to the formation of a unique periodic structure in polyacrylamide is complex. Copolymerisation of acrylamide and MBA is already more involved than the standard free radical polymerisation [34] . One perspective is that when polymerisation is taking place, a sequence of events occurs in the micro-environment varying pressure and energy and physico-chemical conditions over time and space. This exacerbates polymerisation complexity. Thus a working hypothesis which is one of several yet to be confirmed, is that the acoustic standing waves promote a density differential over space. As the polymer chains elongate, they become insoluble and precipitate. These precipitates have a different density and compressibility from the solution. As the acoustic pressure gradient from standing wave prevails, the partially polymerised matter appearing at the antinodes moves towards the pressure nodes, as is demonstrated in Fig. 9(a) , assuming the acoustic contrast factor is positive. Meanwhile, the monomer concentration and cross-linker also affect the polymer elasticity modulus and density [35] . Upon completion of the standing wave polymerisation, the polymer in the nodal regions is denser and more cross-linked than the antinodal regions ( Fig. 9(b) ). Overall more investigation of the event sequence is needed to isolate the mechanism.
Conclusion
A novel approach for fabricating bulk polymeric phononic crystals with acoustic standing waves has been demonstrated. The cavity device follows a well established approach to create a standing wave field suitable for the polymer transformation. The starting form, prior to cross-linking, comprises a monomer/cross-linker solution plus polymerisation chemical initiators. The resulting form of the polymer crystal follows the cylindrical shape of the fabrication tube producing 30 distinctive layers, which have alternating refractive indices that are visible to naked eye.
The resultant polymeric phononic crystals were investigated by observing under an optical microscope and in transmission via an SEM. The latter provides detailed information on the periodic structure, the pore sizes in the polymer and the scale of the change. Visualising the periodic structure and determining its periodicity, provides an approximate calculation of the average acoustic velocity across the 9 . The standing wave enabled polymeric phononic crystal formation hypothesis: (a) Partially polymerised precipitants emerge from stimulated radical activity at the peak pressure field (antinodes) while being propelled to the pressure nodes at the early polymerisation stage. (b) Towards the end of the polymerisation, the polymer locating at the pressure nodes is denser due to mass accumulation and packing within the nodal profile. Thus within the acoustic field the structure adapts to minimise its energy. phononic crystal. The value 1538 m/s closely agrees with the interpolated value from the direct acoustic velocity measurements 1536 m/ s. The refractive index differences can be attributed to variable monomer concentration affecting the elasticity. The acoustic velocity of pulses travelling through these phononic crystals and their counterparts are evaluated. The group velocity of the phononic crystals shows a lower acoustic velocity relative to counterparts of the same shape that omit periodic structures. These measurements match with theoretical studies of the behaviour of the slow wave effect in phononic crystals.
Contrasting with existing work this rapid fabrication approach does not necessitate the inclusion of particles, reducing complexity and saving fabrication time and costs. In its native form it is capable of creating unit cells from the standing wave planes adding important local resonance behaviour to the polymer. Thus it provides a significant short-cut for fabricating bulk polymeric phononic crystals at both small and large scales within the period of minutes, and can be adapted to a manufacturing process. This technique may also be extended to fabricate phononic crystals at a wider frequency spectrum and benefit larger range of metamaterial fabrication.
